Abstract. This paper presents a new design of ferrite core made of ferrite bars positioned in radial geometry. New core design is used in inductive wireless power transfer where the optimal design of ferrite bars was analyzed. Numerical simulations of seven ferrite bars geometries were performed in 3D models using Comsol Multiphysics in terms of the coupling coefficient. Two optimal designs of three and nine ferrite bars geometries were used for parameterization of geometric parameters. Both simulations of three and nine ferrite bars geometries were verified by measurements. Optimal design of nine ferrite bars geometry is proposed for use in wireless power transfer because of low consumption of ferrite material.
Introduction
The inductive wireless power transfer is today one of the most interested technologies, as it can be used in numerous applications. It can be used for powering electric vehicles [1] [2] [3] [4] [5] [6] [7] , monorail systems [8] [9] [10] , mobile phones [11, 12] , and other low power mobile devices [13] [14] [15] . In general, inductive system [2, 12] uses a transmitter and receiver coil where ferrite cores are often used to improve wireless power transfer [3, 16] . When designing an inductive system, two important parameters, the coupling coefficient and value of magnetic flux density in terms of proper shielding should be thoroughly considered.
The coupling coefficient [17, 18] determines the amount of magnetic flux transferred from transmitter to receiver coil. It depends severely on materials and geometry of ferrite cores. In terms of soft magnetic materials [19] [20] [21] [22] [23] [24] , ferrite materials MnZn and NiZn are used for wireless power transfer. MnZn has high values of permeability [23] and can be used for applications where high values of the coupling coefficient are needed. However, NiZn material has lower eddy current losses what is particularly important in high frequencies range over 100 kHz where losses are the main factor of interest [24] . Ferrite core geometry [1, 9, 16, 25] has also a huge impact on the value of the coupling coefficient, therefore optimal geometry should be chosen. Most common ferrite core geometries used in inductive system are: plates [6, 15, 26] , pot cores, [27, 28] , E-cores [8, 11] , and U-cores [9] .
Ferrite cores have the advantage to work as magnetic shields against stray magnetic fields. Both transmitter and receiver coils produce some stray magnetic fields [29] , which may interfere with the power electronics of the inductive system or other devices nearby. Proper shielding [15, 30, 31] to reduce stray magnetic fields should be applied according to the individual application demands. Ferrite material is often used as a magnetic shield to reduce stray magnetic fields or in combinations with other shielding methods [6, 26, 32] .
The processing of ferrite cores for serial production is a complex process due to ferrite brittleness, cores dimensional tolerances, high prices of custom made dies, and pressing ability of machines [33] . Larger size cores are more difficult to process than smaller ones. This problem can be solved by assembling smaller size ferrite pieces into a larger one [34] . Another problem is the consumption of ferrite material which is connected with the price and weight of a final produced ferrite core [35] . The solution to this problem is numerical modeling with optimization of ferrite core geometry according to the specific application.
The aim of this paper is to present a new design of ferrite core made of ferrite bars for inductive wireless power transfer. The authors wanted to answer the question on how many ferrite bars use the least ferrite material for the same coupling coefficient k. This is a very important from economical reason, especially in serial production where the cost and consumption of ferrite material is the required information when designing new components. The advantages of using ferrite bars are: increase of the coupling coefficient, lower consumption of material, and reduced weight. We made seven different geometries of ferrite cores consisted of ferrite bars positioned in radial geometry on a transmitter side. With geometry optimization in 3D models using Comsol Multiphysics we determined the optimal design of ferrite bars for each of seven geometries regarding the coupling coefficient. Then, we compared two optimal design geometries of three and nine ferrite bars in terms of maximal and minimal consumption of ferrite material. Next, we parameterized different geometric parameters of ferrite bars to see impacts on the coupling coefficient and magnetic flux density on the transmitter side. Further, we analyzed the impact of angular alignment between ferrite bars on the coupling coefficient. Simulations of optimal designs were verified by measurements of the coupling coefficient and magnetic flux density on the transmitter side.
Materials and methods
Geometry made of ferrite bars on the transmitter side and ferrite plate on the receiver side is shown in Fig. 1 and in Table 1 . Both transmitter and receiver coils were at the same distance of l c = 2 mm. Values of geometric parameters a t , b t , c t of ferrite bars on transmitter side, and plate with geometric parameters a r , b r , c r on receiver side are shown in Table 1 . Coils are defined with inner R tin and outer radius R tout on transmitter side, and inner R rin and outer radius R rout on receiver side what is also shown in Table 1 .
Due to availability of ferrite materials NiZn material type 1C, manufacturer Kolektor with permeability μ t = 900 and resistivity ρ t = 10 3 Ω · m was used on transmitter side, while on receiver side there was MnZn material type 65 G, manufacturer Kolektor with μ r = 2200 and ρ r = 7 Ω · m [36] both presented in Table 1 . Prototype of n = 9 ferrite bars made of material 1C on transmitter side is shown in Fig. 2(a) , while ferrite plate made of material 65 G on receiver side is shown in Fig. 2(b) . 
Ferrite plate (receiver side) ar × br × cr 53 mm × 53 mm × 2.5 mm 65 G, Kolektor, μr = 2200, ρr = 7 Ω · m Two parameters, the coupling coefficient k and magnetic flux density on transmitter side B t for stray magnetic fields were used in this paper for measurements. The first parameter k was used to analyze the different ferrite core geometries. The second parameter B t was used to analyze the optimal geometries of ferrite bars in terms of magnetic shield.
The coupling coefficient k [17, 18] 
was measured by LF HP4192A impedance analyzer (Hewlett-Packard, USA) through the selfinductances L 1 , L 2 , and mutual inductance M . Impedance analyzer was set on frequency 150 kHz and oscillator level of U osc = 1 V. The frequency 150 kHz was taken as a representative value of middle frequency used in Qi standard [37] , where the frequency range is defined from 100 kHz to 205 kHz.
was obtained with the series aiding
and the series opposing method
The coupling coefficient k represents the amount of magnetic flux transferred from transmitter to receiver coil. In case of all the magnetic flux is transferred from transmitter to receiver coil k = 1. On the other hand, if no magnetic flux is transferred, k = 0. Therefore, the value of coupling coefficient is between the values 0 < k < 1. High values of k are normally required where more magnetic flux and thus energy is transferred from transmitter to receiver coil.
Magnetic flux density B t (amplitude) was measured by the search coil (diameter D = 6 mm and number of turns N = 100, wire diameter d = 0.17 mm, the winding wound directly on the coil former) through induced voltage U (amplitude) [38] 
with oscilloscope Tektronix TDS5032B (Tektronix, USA) on a transmitter side of a ferrite core on a distance of l s = 2.6 mm, as it is shown in Fig. 1 . In terms of magnetic shielding the value of B t is required to be as small as possible in order not to interfere with electronics positioned under the transmitter coil or functioning of electric devices nearby. The transmitter coil was powered by function generator Agilent 33220A (Agilent Technologies, USA), and power amplifier Amplifier research 700A1 (Amplifier research, USA). Sinusoidal current with amplitude of 1 A and frequency 150 kHz was used. Current through the transmitter coil was measured by current probe TCP202 (Tektronix, USA).
Numerical modeling
The coupling coefficient k and B t magnetic flux density on the transmitter side were simulated using Comsol Multiphysics 4.3 software [39] which uses the finite element method for solving partial differential equations.
In our research AC/DC Module, Magnetic Fields was used for simulation of magnetic flux density and the coupling coefficient in 3D numerical models. Coil Current Calculation, and Frequency Domain for each of the transmitter and receiver coil were used for studies of a problem in Comsol Multiphysics.
The Magnetic Fields module has equation
which enables calculation of magnetic field distribution
where ω is the angular frequency, σ is the electrical conductivity, ε 0 is the permittivity of vacuum, ε r is the relative permittivity, A is the magnetic vector potential, H is the magnetic field intensity, B is the magnetic flux density, and J e is the external current density. Two models were used in Comsol Multiphysics, where in the first model we simulated self-inductance of the transmitter coil L 1 , mutual inductance M , and magnetic flux density B t . With the second model we simulated self-inductance of the receiver coil L 2 .
The mutual inductance M was determined through an equation:
where U 2 is induced voltage in receiver coil, f frequency (150 kHz), and I 1 is current in the transmitter coil. In the first model only the transmitter coil was excited with current amplitude of 1 A to simulate transmitter self-inductance L 1 . Similarly, in the second model only the receiver coil was excited with current amplitude of 1 A to simulate receiver self-inductance L 2 . From both models the coupling coefficient k from Eq. (1) was calculated. Both transmitter and receiver coil were simulated with multi-turn coil domain for applying the number of turns. Geometry parameterizations of parameters a t , b t , and c t were made. Variations of parameters a t , b t , and c t were done with a parametric sweep in Comsol Multiphysics with a step of a 0.5 mm. Average mesh of one geometry parameterization was made of 40000 tetrahedral elements.
The simulated values of optimal geometries of n = 3 and n = 9 were verified by measurements of the coupling coefficient k and B t magnetic flux density on the transmitter side.
Results and discussion
We analyzed seven geometries with ferrite bars on transmitter side, whereas on receiver side, we used one ferrite plate for all the cases, as it is shown in Fig. 1 . An example of one geometry made of n = 9 ferrite bars with parameters a t , b t , c t , and v is shown in Fig. 3 . Parameter n represents number of ferrite bars and was parameterized in the range of n = 3-9. When changing the parameter n also the parameter α (the angle between ferrite bars) is changed according to the equation . Simulated values of the coupling coefficient k dependence on geometric parameter bt for ct = 2 mm and optimal geometries of n = 3, and n = 9.
During simulations in Comsol Multiphysics we optimized parameter a t where parameters b t = 18 mm and c t = 2 mm remained constant values. Parameter v increased along with the increase of parameter a t with a step of a 0.5 mm according to the equation
After completing the simulations, we obtained the coupling coefficient k dependence on the parameter a t for n = 3-9 ferrite bars geometries on transmitter side, as it is shown in Fig. 4 .
Each of simulated geometry reached a maximal value of the coupling coefficient k at a specific value of parameter a t . In order to compare different geometries between each other we defined new parameter a top . Optimal geometric parameter a top was defined at the value of k = 0.75, where k reached the highest value with the minimal usage of ferrite material. The value k = 0.75 was chosen to compare different ferrite bars geometries to the same value of the coupling coefficient k to have the same conditions for all the geometries. The geometries n = 3, 4, 5 reached a maximum value of the coupling coefficient at k = 0.75. In comparison, geometries n = 6, 7, 8, and 9 reached a maximum value of the coupling coefficient between k = 0.75 and k = 0.76. With value k = 0.75 all the described geometries of ferrite bars were covered. The value of k = 0.75 is associated with only this specific geometry of coils with ferrite cores and the distance between transmitter and receiver coil of l c = 2 mm.
Ferrite bars geometries were compared according to the value of ferrite volume on transmitter side as
Maximum ferrite volume V = 1728 mm 3 used geometry with n = 3 and a top3 = 16 mm, whereas the minimum ferrite volume V = 972 mm 3 used geometry with n = 9 and a top9 = 3 mm, as it is shown in Fig. 5 .
Both optimal geometries n = 3 and n = 9 were taken for further simulations as they present two extreme values obtained by ferrite volume calculation. In case of increasing number of ferrite bars by parameter n over n = 9 ferrite bars the ferrite volume will still decrease. However, ferrite bars will become more brittle, leading to the problem of production of such ferrite bars. Other parameters b t and c t had an effect on consumption of ferrite material according to Eq. (11).
Parameter b t was simulated for optimal values of parameters a top3 = 16 mm for n = 3 and a top9 = 3 mm for n = 9, where c t = 2 mm for both geometries, as it is shown in Fig. 5 . The difference between Fig. 7 . Simulated values of the coupling coefficient k dependence on geometric parameter ct for bt = 18 mm and optimal geometries of n = 3, and n = 9. both geometries regarding k is less than 1%, as it is shown in Fig. 6 . The value of the parameter b t = 18 mm was taken for further research as the coupling coefficient reached value k = 0.75. There is a practical reason why not to increase the parameter b t , which is connected with a free space limitation of coil housing. If parameter b t is increased over the value of transmitter coil radius R tout too much, then the coil will not fit into the housing. Therefore, some compromise has to be considered when increasing the value of parameter b t .
Next, we simulated variation of parameter c t for optimal geometries a top3 = 16 mm for n = 3 and a top9 = 3 mm for n = 9, where b t = 18 mm for both geometries, as it is shown in Fig. 7 . Similarly, as discussed before by variation of parameter b t , parameter c t has even minor difference regarding the coupling coefficient well below 0.1%. The value of parameter c t = 2 mm was taken for further research as k = 0.75. Variations of parameter c t were done, because in Qi standard there are different minimal ferrite thicknesses, for example 0.5 mm, 3.1 mm, and 5 mm specified according to the different sizes and geometries of coils [37] . The parameter c t almost does not influence the coupling coefficient k, where increase from c t = 2 mm to c t = 8 mm leads to increase only by 0.1 from k = 0.75 to k = 0.76, as it is shown in Fig. 7 .
Parameters b t and c t had a minor effect on the coupling coefficient k in comparison with parameter a t . As it can be seen in Fig. 5 , optimal geometry with n = 9 bars uses two times less ferrite material than n = 3 bars. The difference in ferrite volume for n = 3 and n = 9 bars geometries can be explained in Fig. 8 .
Magnetic flux density flows throughout the bars and it goes to the center of transmitter coil, as it is shown in Figs 8(a) and (b) . Magnetic flux is then transferred from transmitter to receiver coil. If we want to have a value of the coupling coefficient k = 0.75 for only n = 3 ferrite bars in Fig. 8(a) parameter a top3 has to be increased, while the a top9 in Fig. 8(b) is constant. Therefore, the same value of magnetic flux will be transferred from transmitter to receiver coil for the different consumption of ferrite material. Table 2 Simulated and measured values of the coupling coefficient k and magnetic flux density on the transmitter side Bt for: no ferrite, n = 3, and n = 9 optimal ferrite bars geometries Fig. 9 . Prototypes of optimal geometries: (a) n = 3 ferrite bars, (b) n = 9 ferrite bars. Fig. 10 . The angular alignment effect of optimal geometry n = 9 has ten times the lower value of difference in the coupling coefficient in comparison with n = 3 optimal geometry.
Simulated values of optimal geometries a top3 = 16 mm for n = 3 and a top9 = 3 mm for n = 9, where b t = 18 mm, c t = 2 mm for both geometries were verified by measurements in Table 2 . Optimal geometries n = 3 and n = 9 have higher values of k = 0.75 in comparison with no ferrite geometry on transmitter side, where k = 0.68 for simulated values. More detailed information about types of ferrite materials and geometries are presented in Table 1 .
In terms of magnetic shielding, magnetic flux density on the transmitter side of a coil B t was measured and simulated. Prototypes of optimal geometries n = 3 and n = 9 are shown in Fig. 9 . Optimal geometry n = 9 has three times the lower value of B t = 167 μT in comparison with no ferrite geometry B t = 525 μT for measured values, as presented in Table 2 . According to the Table 2 , optimal geometry n = 9 is better magnetic shield than n = 3 geometry, where no ferrite geometry has the highest value of B t .
There are the differences between simulated and measured values of the coupling coefficient k and magnetic flux density on the transmitter side B t in Table 2 . The reasons for the difference of k are additional wires of transmitter and receiver coils in prototypes, and wires connecting those coils to the impedance analyzer LF HP4192A. In contrast, the simulated models do not take into account additional wires in Comsol Multiphysics. The reason for the difference between simulated and measured values B t is that the magnetic field was not measured directly. Parameter B t was measured through induced voltage according to the Eq. (5). There exist many definitions of which value to take for the diameter of a search coil [38] . In this paper, mean value of the diameter of a search coil was taken for the calculation of a magnetic field B t . Therefore, the selection alone of a diameter of search coil can seriously affect the final calculated value of magnetic field, which leads to the difference between simulated and measured values of parameter B t .
Magnetic flux density distribution of optimal geometries for n = 3 and n = 9 are presented in Fig. 8 (c) and in Fig. 8(d) . In both geometries higher values of magnetic flux density B are in the position of transmitter coils, where the source of magnetic flux is stationed. Optimal geometry with n = 3 in Fig. 8(c) has values of B in the range of 3 mT, where for n = 9 are in the range of 6 mT in Fig. 8(d) . Both values of B are too low that ferrite can go into saturation, as for that kind of ferrite material, the value of magnetic flux density saturation is specified in the range of 350 mT.
Until now ferrite bars geometry was only on transmitter side, whereas on receiver side there was a ferrite plate. In case of mobile devices, it would be interesting to see what happens if the ferrite bars geometry is also on the receiver side. Therefore, we simulated ferrite bars on the receiver side for the different angle β, as it is shown in Fig. 10 . In that case β means the angle between ferrite bars on transmitter and receiver side. Effect of angular alignment has a lower effect for the optimal geometry of n = 9 ferrite bars, which has a difference in the coupling coefficient Δk = 0.13%, what is ten times lower than the optimal geometry of n = 3 ferrite bars.
Conclusions
In summary, new design of ferrite core made of ferrite bars for inductive wireless power transfer is presented in this paper. Seven different geometries of ferrite bars in radial geometry were investigated. Parameterizations of geometric parameters were done with 3D models in Comsol Multiphysics, which uses the finite element method. Two optimal geometries with three and nine ferrite bars were thoroughly analyzed. Simulations for both geometries and also with no ferrite geometry on transmitter side were verified by measurements.
Optimal geometry with nine ferrite bars in radial geometry is proposed as it has a high coupling coefficient, low consumption of ferrite material, and reduced weight. In terms of magnetic shield nine ferrite bars in radial geometry is three times better magnetic shield than no ferrite geometry for measuring values. Values of magnetic flux density in ferrite bars are low enough that the ferrite core does not saturate.
The angular alignment of ferrite bars in radial geometry on the transmitter and the receiver side was negligible and had difference in the coupling coefficient 1.35% for three ferrite bars geometry and 0.13% for nine ferrite bars for simulated values.
